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ABSTRACT 
The present work aims to study the inͲcloud and belowͲcloud sulfate (SO42Ͳ) scavenging processes by
applyingnumericalmodels.TheBRAMS(BrazilianRegionalAtmosphericModelingSystem)modelwasused
to simulate thevertical structureof clouds in themetropolitanareaofPortoAlegre (MAPA), in southern
Brazil,togetherwiththeB.V.2(belowͲcloudBehengversion2)scavengingmodelforwetremovalprocesses,
whichoccurin–cloud(rainout)andbelowͲcloud(washout).Sixrainfalleventsbetween2005and2007were
selected.TheyoccurredatthreesiteswithintheMAPA–PortoAlegre,Canoas,andSapucaiadoSul–where
theSO42Ͳconcentrationsmeasuredexperimentallyinwetprecipitation,aswellastheSO2concentrationsin
theair,weremeasured.Thedatawereused inthemodeling.ResultsofSO42Ͳscavengingprocessmodeling
were in goodagreementwith thoseobservedexperimentally, showinga correlationof0.73.Resultsalso
showedaprevalenceof inͲcloud scavengingprocesses,whichare responsible forabout70 to90%of the
SO4
2Ͳconcentrationfoundinrainwater,corroboratingwithdatafoundintheliterature.
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1.Introduction

Atmospheric pollution can be defined as any atmospheric
condition, in which substances are present in the air at high
enoughconcentrationstoproducemeasurableeffectsonanimals,
plantsormaterials. Itcanbebothofanthropogenicoriginordue
tonatural causes, suchasemissions fromvolcaniceruptionsand
microbialdecomposition.

Inlargeurbancenters,usuallyinmetropolitanareas,pollution
levels are higher due to a greater number of industries, larger
population,andheaviervehicletraffic;therefore,theatmosphere
is themost affectedmedium. The characteristics inherent to air
masses,water–solublegases,cloud–formingdropletsandsuspenͲ
ded particles, are reflected in the chemical composition of
rainwater during precipitation (Seinfeld and Pandis, 1998). It
presents interactions between natural and anthropic processes
during its formation,whichmay indicatevariationsonatimeand
spacescale.

Thechemicalcompositionofprecipitationcanbedetermined
mainly by the condition of the atmosphere, i.e., the type and
naturaloranthropicamountofthepollutantpresent.Ontheother
hand, it also depends on the type of precipitation (rain, hail, or
snow),winddirectionandheightof thecloud layer.Atmospheric
air or wind movement influences the transport, dispersal, and
dilutionofprimaryandsecondarypollutantstoadjacentareasand
even to areas distant from the point of emission. The chemical
characterization of atmospheric precipitation has attracted great
interest from researchers in the last few decades (Ayers et al.,
1995;GalpinandTurner,1999;Leeetal.,2000;Marquardtetal.,
2001;Migliavaccaetal.,2005).

Inaddition,thewayinwhichsomepollutantsarescavengedin
the atmosphere may also interfere with the composition of
atmospheric precipitation of each region. The mechanism of
pollutant scavenging in theatmospheremaybedivided into two
processes:dryandwetdeposition.Indrydeposition,pollutantsare
scavenged by absorption on the soil, water or plant surface,
without the presence of precipitation. On the other hand, wet
deposition is a natural process, in which gases or particles are
scavenged due to mass transfer mediated by atmospheric
hydrometeors,suchasclouddroplets,rain, fog,andsnow,tothe
Earth'ssurface.

These scavengingprocessesmayoccur in–cloud (rainout)by
clouddroplets(condensation,nucleationanddissolutionofgases),
and below–cloud (washout). Both occur continuously during
precipitation.Theseprocessescanprovidevariationsofpollutant
concentration in precipitations (Schroder et al., 1989). Pollutant
scavenging by gases is regulated by the absorption capacity of
raindrops and cloud droplets which in turn, depends on the
chemicalcompositionoftheatmosphere.Thequantificationofthis
typeofscavenginggivesusadetailedaccountofthecontribution
ofsomepollutants,suchasSO2andHNO3intheatmosphere.

Studiesonscavengingprocessesbyhydrometeorsaremainly
basedon the chemical characterizationofatmosphericprecipitaͲ
tion, using different types of samplers: bulk,wet–only,wet, and
others, associating these resultswithmeteorological parameters
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anddatafromthesourceofemission(Naiketal.,1995;Marquardt
etal.,2001;Fluesetal.,2002;Migliavaccaetal.,2005;Wangetal.,
2008).

InBrazil,inSaoPauloandinsomeplacesoftheNorthregion,
simulation studies on the chemical composition of atmospheric
precipitation were performed using the B.V.2 (below–cloud
Beheng version 2)model (Goncalves et al., 2000; Ramos, 2000;
Goncalvesetal.,2002;Silvaetal.,2009).However,insouthBrazil,
studieswereonlyperformedon the chemical characterizationof
atmosphericprecipitation,withdifferentsamplers,correlatingthe
resultswithmeteorologicalparameters; therefore, therearegaps
in studies on scavenging processes of pollutants that might be
presentintheatmosphere(Migliavaccaetal.,2004;Migliavaccaet
al.,2005;Teixeiraetal.,2009).

The purpose of the present studywas to analyze pollutant
scavengingbyraindrops,byapplyingin–cloud(rainout)andbelow–
cloud (washout)gas–scavengingmodels to themetropolitanarea
of Porto Alegre, southern Brazil, and to evaluate which gas–
scavengingprocesses,morespecificallyforSO2andSO42Ͳ,werethe
mostsignificantonesintheareastudied.

2.ExperimentalPart

2.1.Areaofstudy

The study area comprises the cities of PortoAlegre, Canoas
and Sapucaia do Sul, in the metropolitan area of Porto Alegre
(MAPA).TheMAPA lies in themid–eastern regionof thestateof
RioGrandedoSul.TothesouthitisboundedbythePatosLagoon;
totheeast,bytheCoastalPlainandtheAtlanticOcean(80–100km
away);tothenorth,bytheSerraGeralFormation,characterizedby
aplateauregionthatgentlyslopestothesouthandsharplydipsto
the east; and finally to the west, by the Peripheral Depression
(coal–mine region).Becauseof thesegeographicalcharacteristics,
tothesouthofMAPA,altitudesreachlessthan20m,whiletothe
north,theyreachmorethan300m(Migliavaccaetal.,2009a).

Theclimateisinfluencedbycoldairmassesthatmigratefrom
thepolarregions.Theseasonsarewelldefined,withrainsevenly
distributed throughout theyear.Winter is themostrainyseason.
The historical (1961–1990) average relative humidity is 75–85%;
average annual accumulated precipitation is 1300–1400mmyͲ1,
and the prevailingwind directions are southeast (primary direcͲ
tion)andnortheast(secondarydirection).AccordingtotheKöppen
climateclassificationsystem,theMAPAislocatedinafundamental
temperature zone, fundamental humid type, specific subtropical
variety, i.e. aCfa–humid subtropical–climate,with rainfall evenly
distributedthroughouttheyear(nomonthwithlessthan60mm),
and average temperature of the warmest month above 22.0°C
(INPE–CPTEC,2008).

TheMAPA has diversified anthropic emission sources, both
geographically and climatologically. Amyriad ofmobile and staͲ
tionary sources, such as oil refineries, petrochemical industries,
steel mills, tanneries, cement plants, pulp mills, and coal–fired
power plants, as well as a high population density lead to an
environmental imbalance in the region.Weparticularlypointout
thefollowingindustriesintheMAPA:oilrefineries,pulpmills,steel
mills, a petrochemical industrial complex, and coal–fired power
plants.Themost importantmobile source is vehicularemissions,
withthevehiclefleetshowinganaverageannualgrowthrateof5%
between 1997 and 2002. Based on this growth rate, the fleet is
expected to reach approximately 5 million vehicles in 2010.
Gasoline–fueledvehiclescompriseapproximately79%ofthefleet,
followedbydiesel–fueled(9%)andethanol–fueled(8%)vehicles.




2.2.Samplingsites

Wet precipitationwas collected at three sites in theMAPA:
Porto Alegre, Canoas, and Sapucaia do Sul. These sites were
chosenbecausetheywerenearvariousanthropicsources,suchas
theBR–116highway(vehicularsource),anoilrefinery,asteelmill,
and a cement plant. The criteria forwet precipitation sampling
followedtheASTMD5012(2008)standard.Thewetprecipitation
sampler was installed at a height of 1.5m from the ground.
Samplingand storageproceduresaredescribed inMigliavaccaet
al.(2004).Table1showsthelocationofthesamplingstationsused
aspointstomodelBRAMS.


Table1.LocationofthewetprecipitationsamplingstationsofMAPA

Municipality Samplingstations
GeographicCoordinates
Latitude(S) Longitude(W)
PortoAlegre PortoAlegre/FIERGS 29.98º 51.11º
Canoas Canoas 29.92º 51.18º
SapucaiadoSul Sapucaia 29.82º 51.17º


ThechemicalanalysisofwetprecipitationtodetermineSO42Ͳ
was performed in the Laboratory of Chemistry of the Fundacao
Estadual de Proteção Ambiental Henrique Luiz Roessler–RS
(FEPAM/RS) by ion chromatography (Dionex DX 500 with an
electric conductivitydetector), asdescribed inBarrinuoevoet al.
(2004). For the quality control analysis by ion chromatography,
rainwater standard referencematerials (CRM 408 andCRM 409)
were also analyzed (Community Bureau of Reference). The
reproducibility of the data obtained in six replicates was
satisfactoryandshowedacoefficientofvariationof2%.

SO2 concentration in the atmospherewasmeasured by the
ultraviolet fluorescencemethodusing theAF21MEnvironnement
continuous analyzers installed at the FEPAM's Air Quality
MonitoringStations(ArdoSul)inthecitiesofPortoAlegre,Canoas
andSapucaiadoSul.Thequalitycontrol fortheSO2analyzerwas
performedby themonthly calibrationsusinga standardgaswith
anaccuracylessthan3%.

2.3.Modeltheory

Themethodologiesusedinthepresentstudycomprisedof:

(A) BRAMS model, used to model atmospheric conditions
andcloudstructureoftheselectedevents.
(B) For in–cloudandbelow–cloud scavengingmodeling,we
used the Below–Cloud Scavenging Modeling (Beheng
Version 2–B.V.2) described by Goncalves et al. (1997),
adaptedbySilvaetal.(2009),andimprovedbyWiegand
etal.(2010).

BRAMS Model. The BRAMS (Brazilian Regional Atmospheric
Modeling System)model version 3.2 was used for atmospheric
modeling. It corresponds tomodelRAMSversion5.04developed
by the Colorado State University. The BRAMSwas initialized by
nudgingthesurfacedatamadeavailablebytheFederalUniversity
ofSantaMaria(UFSM).Deepconvectionschemeswereactivated,
andlongandshortwaveradiationeffectsweretakenintoaccount
bythemodel.

The grid is a C–type grid (Messinger and Arakawa, 1976),
where the thermodynamicandhumidity variablesaredefinedat
thesamegridpoints,andu,vandwvelocitiesareintercalatedin½
DX, ½ DY, and ½ DZ, respectively. The grid has a Cartesian
coordinate system on the horizontal plane and a ɽz (sigma–z)
coordinate system on the vertical plane. The vertical coordinate
system isa transformationdescribed inGal–ChenandSomerville
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(1975)andClark (1977),and follows the terrain topography.The
coordinatesystemisdefinedas:

XX  *     (1)
YY  *  (2)
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
where (X*,Y*,Z*)representthetransformedcoordinates, (X,Y,Z)
representtheCartesiancoordinates,Zs istheheightofthemodel
surfaceinrelationtothesealevel,Histheheightofthemodeltop,
whereZandZ*areparallel.

Thepotentialtemperature(ɽil)ofliquidwaterandice(Tripoli
andCotton,1981)ismaintainedinthepresenceofachangeinthe
waterphase.Thesemi–empiricalrelationshipbetweenɽ,ɽil,T,r,rl
andriceisgivenby:

   > @253,/1 TMAXcrLrL piceivllvil  TT  (4)

where ɽ=potential temperature; ɽil=potential temperature of
liquidwater and ice; T=air temperature; rl=liquidwatermixing
ratio; Llv=latent heat of condensation; Liv=latent heat of
sublimation.


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
where ɽ=air potential temperature; F=Coriolis parameter;
g=accelerationofgravity;ɽ’v=disturbanceofthevirtualpotential
temperature (ɽv); ɽo=basic state potential temperature;
Km=turbulentexchangecoefficientformomentumandheat.

The BRAMS model was used to obtain the vertical profile
fields of cloud liquidwater and rainfall, height of base, top and
layersofthecloudsandaccumulatedprecipitation.Thenumberof
cloudlayersduringeacheventvaries,sinceitdependsonthecloud
thicknessandverticalgridresolutionattheheightwherethecloud
is located (vertical stretching), because BRAMS calculates all
meteorologicalvariablesforeachgridcelllevelofthedomain.

ThemodeledresultswereviewedwiththesoftwareGradsfor
Windowsversion1.8sl11.Theparameterizationsusedtosimulate
theselectedeventsareshowninTable2.


Table2.Summaryofparameterizationsused inapplyingtheRAMSmodel
fortheselectedevents

DefinitionofGrids
Grid1 Grid2
Numberofpointsonthegrid(x,y,z) 40,40,60 18,18,60
Horizontalspacingofthegrid(ȴx=ȴy)(km) 10 2.5
Centralpointofthegrids Latitude:29.90°Sand
Longitude:51.15°W
Timestep(s) 20 5
Verticalresolutionofthefirstlayer(m) 20
Verticalincrement 1.1
Maximumvalueofȴz(m) 1000
InputData
Grid1 Grid2
Fieldsofatmosphericvariables NCEPa
PhysicalParameterizations
Convection Grell(1993)
Radiation ChenandCotton(1983)
TurbulentDiffusion MellorandYamada(1962)
Microphysics Level5parameter,Walkoetal. (1995)
aNCEP–NationalCentersforEnvironmentalPrediction

Figure1showstheareacoveredbytheregionstudied.Grid1,
withgreatercoverage,wasmodeledonlytoverifytheinfluenceof
marine and lagoon (Patos Lagoon) breezes, which affect the
mesoscalecirculationsintheMAPA(Migliavaccaetal.,2005).Grid
2waschosentomodeltheselectedevent,becauseitpresenteda
betterresultfortheparametersusedasinputdata.

The BRAMS model was used to obtain the vertical profile
fieldsofcloud liquidwaterand rainfall;heightofbase,cloud top
and layers of the clouds, rate of precipitation and accumulated
precipitation.Figures2and3showtheoutputsofBRAMSforthe
vertical profile of liquid water and the rate of accumulated
precipitation,respectively,fortheeventof08/04/2007at29.82°S
and51.17°W(Sapucaiastation).

In–cloud and below–cloud scavenging modeling. In order to
model the gas scavenging processes in–cloud (rainout), an
adaptationof the “below–cloudBehengversion2” (B.V.2)model
was used, based on the equation proposed by some authors
(Seinfeld and Pandis, 1998; Pruppacher and Klett, 1997). This
model may be used to calculate atmospheric pollutant
concentrations in air and rain–water, during and after
precipitation.

This is a one–dimensionalmodel,which simulates the scavͲ
engingprocesses that takeplacebetween thebaseof the cloud
and the soil surface during a precipitation event. Thus, it is
necessary toobtain theheightof thebaseand topof the cloud.
This information was obtained using the vertical liquid water
profilesofthecloud,generatedbyBRAMS.Inordertoinitializethe
model,thetypeofpollutantgasmustalsobeinserted(inorderto
determine its diffusivity) and the initial concentrations of
pollutantsintheair(Figure4).

The pollutant scavenging process comprises repeated
exposuresofgasesandparticulatestoclouddropletsorraindrops,
which act as collectors of these pollutants. Mass transfer of
gaseous pollutants into raindrops and droplets occurs in three
distinctstages:

x Gasdiffusionfromtheatmospheretotheraindropsurface,
x Dissolutionofthegaseouscomponentontheraindrop(or
droplet)surface,
x Mixtureofgasdissolvedintheraindrop(ordroplets).



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
Figure1.Locationofthesamplingstationsongrids1and2,usedinatmosphericsimulationswiththeBRAMSmodel.



Figure2.Verticalprofilewith liquidcloud–watercontentforpoint29.82°S
and51.17°W,Sapucaiastation,theeventof08/04/2007.


Consideringarainfallofshortduration,fromminutestoafew
hours,thatthegasesareinert,andthattherearenoemissions,we
willhave:

 tCC o / exp  (8)
 tCC o  Eexp  (9)

whereCandCoarethefinalandinitialconcentrationsofpollutants
(gases) and ȿ and ɴ are below–cloud and in–cloud pollutant
scavengingcoefficients,respectively.


Figure 3. Output from BRAMS presenting the rate of accumulated
precipitationfortheeventof08/04/2007,SapucaiaStation.


The pollutant gas scavenging coefficients depend on the
diameter of the raindrops (or droplets), type and height of the
cloud, which influence n(dg) and, consequently, influence the
scavenging coefficient. These are described by the following
equation:

gggg dDDnKD  / ³ )(2S (below–cloud) (10)
 gggg dddnKd  ³ )(2SE   (in–cloud) (11)

where n(Dg) is distribution of raindrop size by class interval and
n(dg)isdistributionofdropletsizebyclassinterval.



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

Figure4.ChartdiagramoftheB.V.2model.


Themasstransfercoefficient(Kg)isdescribedbythefollowing
equations:

g
Sh
g D
DN
K
* (below–cloud) (12)
g
Sh
g d
DN
K
* (in–cloud) (13)

whereNshistheSherwoodnumber.

Themoleculardiffusivityofgases(D*)isgivenby:

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
whereȴHDisthechangeofenthalpy,Tisthetemperature(K),and
R*istheuniversalconstantofperfectgases.

TheSherwoodnumberforasphericaldrop isrepresentedby
thefollowingequation:

3/12/1Re6.02 ScNSh   (15)


whereReistheReynoldsnumberandScistheSchmidtnumber.

The distribution of drop size by class interval, below–cloud,
can be described by the exponential equation ofMarshall and
Palmer(1948):

 gg
g
g DRDn
Dd
DNd    21.01.4exp08.0)(
)(
))((  (16)

where R is the rate of precipitation (mmhͲ1),  Dg is the drop
diameter (cm),n(Dg) is thedropsizedistributionbyclass interval
(cmͲ4).

Thedistributionofdropletsizebyclassinterval,in–cloud,can
bedescribedbyLevineandSchwartz(1982):

)exp()(
)(
))((
gg
g
g dBAdn
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dNd    (17)

whereAandBareparameterswhichdependonthetotalnumber
ofdroplets inthecloud,thetypeofcloud,andtheconcentration
ofliquidwater.

Droplet diameter spectra (in–cloud), varying from 5μm to
77μm and drop diameter spectra (below–cloud) varying from
0.2to5.2mmwereconsidered.
Calculation of Re, Sc and Sh 
numbers
Calculation of Kg
Calculation of ȕ
Calculation of n(dg) with 
the correlation of Levine & 
Schwartz
Calculation of Re, Sc and Sh 
numbers
Calculation of Kg
Calculation of ȁ
Calculation of n(Dg) with 
the correlation of 
Marshall & Palmer
Calculation of the droplets 
terminal velocities
Calculation of the drops 
terminal velocities
INPUT DATA (B.V.2)
Calculation of pollutant 
concentration in rainwater
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OUTPUT BRAMS:
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Until now, the B.V.2model has been used only in tropical
regions (Brazil), which is somewhat easier, because there is a
prevalenceofconvectiverainfallassociatedwithcumulus (humilis
and congestus) clouds.With the exception of Silva et al. (2009),
previous studies used the size distribution of droplets per class
interval[n(dg)]proposedbyLevineandSchwartz(1982),wherethe
values of coefficients A and B are scheduled for the cumulus
humilisorcumuluscongestusclouds.

In thepresentstudy,parametersAandBof theequationby
LevineandSchwartz(1982)wereadjustedusingthedataobtained
ondropletconcentrationand thenumberofdropletspervolume
[N(dg)],both in–cloud,determinedbyatmosphericmodelingwith
BRAMSbyWiegandetal.(2010).

ConsiderationsontheModelB.V.2.ThemodelB.V.2used inthis
studyincludedthefollowingconsiderations:

(A) There is no advection mass during the scavenging
process, i.e., there is no reposition of pollutants in the
atmosphereduringthescavenging,
(B) Theconcentrationsofgasesareconsideredconstantwith
height,
(C) The precipitation rate is considered constant (in this
study, the precipitation ratewas calculated by dividing
the totalaccumulatedprecipitationby theprecipitation
duration),
(D) Theevaporationofraindropsisconsiderednegligible,
(E) Thereisnochangeinthespectrumofdropsanddroplets
sizesovertime,
(F) It was assumed that sulfur dioxide scavenging by
rainwaterfollowstheequation:

  OHHSOOHHHSOOHSO G 2
2
422322 2 oo   (18)

Thus,SO2incorporatedintotherainwaterappearsintheform
ofSO42Ͳ.

(G) Only the scavenging process of the SO2 present in the
atmospherewasconsidered.

Determinationof final concentrationofpollutants in rainwater.
The initialconcentrationofSO2andSO42Ͳwastakenasafunction
ofheight:

1
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
whereH1istheheightofcloudbase,Hpisthestandardvalue,Cgsup
isthegasconcentrationatthesurface.

The followingexpressionwasused inordertodeterminethe
concentrationofgasesintherainwatersamplecollected:

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
whereCwi is the concentrationofpollutants (gases) in rainwater,
H(m)istheheightofthecloudbase,ѐL(m)isthecloudthickness,
and Racum(m) is the precipitation accumulated during the time
intervalanalyzed.

2.4.Inputdata

Table3showstheinputdatafortheeventsstudiedandused
formodelinitialization.TheinputparameterstoapplymodelB.V.2
are:(i)initialconcentrationsofgasesintheair(μgmͲ3),(ii)ratesof
precipitation(mmhͲ1),(iii)durationofeachprecipitationevent(s),
(iv)heightof cloudbase (m),and the last threearegivenby the
BRAMSmodel.


Table3.Inputdatafortheselectedcases

Cases Events
studied
SO2inair
(μgmͲ3)
Accumulated
Precipitation
(mm)
Rateof
precipitation
(mmhͲ1)
Time
(h)
Cloud
base
(m)
Case1 08/09/2005 2.50 4.64 0.66 7 966
Case2 01/19/2006 1.74 69.7 4.31 16 1 678
Case3 01/24/2006 2.90 0.43 0.04 12 3 127
Case4 12/06/2006 0.5 0.16 0.03 5 764
Case5 08/02/2007 3.15 44.4 1.64 27 344
Case6 08/04/2007 0.21 0.71 0.05 15 525

Table 4 shows the experimental values of SO42Ͳ analyzed in
wet precipitation at Porto Alegre/FIERGS, Canoas and Sapucaia
stations, and the average daily concentration of SO2 in the air,
measuredat theairqualitymonitoringstationsofFEPAM for the
samesites.


Table 4. Initial concentrations of pollutants used as input data to the
scavengingmodelfortheeventsstudied



2.5.SimulationEvents

Inthefollowing,wepresenttheresultsofsimulationsforthe
chosenevents.Atmospheric simulationsof theBRAMSmodel for
thechosendayswereperformedwithgrid2,which representsa
spatialresolutionof2.5km,inordertobetterverifythemodeling
representation.

Thewet precipitation events chosen tomodel the pollutant
scavengingprocesses,usingmodelB.V.2,wereidentifiedbasedon
the results ofmultivariate analysis (principal component analysis
and cluster analysis) of the set ofwet precipitation data in the
MAPA. The days with the highest scores of the principal
components generated from applied statistical analysis were
selected. The scores of the principal components generated by
principalcomponentanalysis(PCA)correspondtoanewstructure
thatcorrelatestheinitialsetofdata,thusformingasmallersetof
variables without losing the correlation among variables of the
initialsetofdata,asdescribedbyMigliavaccaetal.(2009b).

Sixprecipitationevents,which tookplaceon thedays listed
below,were chosen for thepresent study:08/09/2005 (CASE1),
01/19/2006 (CASE2),01/24/2006 (CASE3),12/06/2006 (CASE4),
08/02/2007(CASE5),and08/04/2007(CASE6).
Cases Eventsstudied Samplingstation
SO4
2Ͳinwet
precipitation
(μgLͲ1)
SO2inair
(μgmͲ3)
Case1 08/09/2005 Canoas 1696 2.50
Case2 01/19/2006 PortoAlegre/FIERGS 171 1.74
Case3 01/24/2006 Sapucaia 1950 2.90
Case4 12/06/2006 PortoAlegre/FIERGS 767 0.5
Case5 08/02/2007 Sapucaia 648 3.15
Case6 08/04/2007 Sapucaia 648 0.21
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Case1:08/09/2005

For this event, simulationusing theBRAMSmodel indicated
thatprecipitationbeganat3AM(UTC)andendedat10AM(UTC)
on 08/09/2005. The accumulated precipitationmodeled for the
period was 4.64mm, with an average rate of precipitation of
0.66mmhͲ1,thedurationoftheprecipitationwas7hours,atpoint
29.92°Sand51.18°W(Canoasstation).

Thecloudmodeledshowedtwo layers,beginningataheight
of966mfromthesurface,andwiththelastlayerat2825m.The
cloud thickness was 1859m. According to the classification of
Levine and Schwartz (1982), this is a cumulus–congestus typeof
cloud.Thehighestrateofprecipitationwas1.19mmhͲ1,at6AM
(UTC).Themodelingmeasuredthehighestverticalprofileofcloud
watermixratioof0.3674gkgͲ1alreadyinthefirstlayer.

TheSO2concentration intheaironthisdaywas2.50μgmͲ3,
measured at FEPAM's air qualitymonitoring station in Sapucaia,
since thiswas theonly stationof FEPAM'sairqualitymonitoring
networkthatreportedSO2valuesduringtheperiodmodeled.

Theresultsofmodelingforthisevent indicatedthat in–cloud
SO2scavengingwas1001ʅgLͲ1,withanalmostsimilarscavenging
in the two layers, 485ʅgLͲ1 and 516ʅgLͲ1, respectively. SO2
below–cloudscavengingwas472ʅgLͲ1,almosttwotimeslessthan
thein–cloudscavenging.

SO4
2Ͳ concentration modeled in and below the cloud was
2211ʅgLͲ1, while the value measured experimentally in wet
precipitation was 1696ʅgLͲ1, showing a 30% relative error
between the valuesmeasured andmodeled for SO42Ͳ, indicating
that the concentration modeled was higher compared to the
concentration observed in wet precipitation at Canoas station
(Table5).

Table5.ModeledandobservedSO42Ͳconcentrationsfortheeventsstudied
inthiswork

 ConcentrationofSO42Ͳ(μgLͲ1) 
Cases In–CloudBelow–Cloud Total
Modeled
Value
Observed
Relative
Error
Case108/09/2005 1503 708 2211 1696 30%
Case201/19/2006 152 63.5 215 171 26%
Case301/24/2006 15453 14191 29644 1950 1420%
Case412/06/2006 4752 909 5660 767 638%
Case508/02/2007 331 36.6 368 648 Ͳ43%
Case608/04/2007 511 139 650 648 0.4%


Thein–cloudscavengingprocessesforthiseventwere68%of
the total scavenging, and they were responsible for the total
scavengingofsulfateconcentrationinwetprecipitation.Theymay
bedirectlyrelatedtoscavengingbydropnucleation.Below–cloud
scavengingrepresentedonly32%,asshowninTable6.

According to some authors (Marsh, 1978; Kleinman, 1984),
aerosol in wet deposition is scavenged faster by in–cloud
scavengingbynucleationprocess,thanbybelow–cloudscavenging
byentrainment.

Case2:01/19/2006

A simulation in the BRAMS model was performed for this
event,with the precipitationmodeled at the point of the Porto
Alegre/FIERGSstationbeginningat00:00UTCon10/19/2006and
endingat16:00UTCofthesameday.TheaccumulatedprecipitaͲ
tionmodeledfortheperiodwas69.75mm,withanaveragerateof
precipitationof4.31mmhͲ1;durationoftheprecipitationmodeled
was16hours,whichwasconsideredalongprecipitationperiod.

The cloud modeled during this period had four layers,
beginning at a height of 1678m from the surface, and the top
layerwasat5695m, i.e.a total cloud thicknessof4017m.The
cloudwas considereda cumulus congestus typeof cloud (Levine
andSchwartz,1982).

Themodelingmeasured the largest vertical profile of liquid
cloudwatermix ratioof0.4851gkgͲ1 for the first layer,closer to
the surface at a height of approximately 2550m. For the other
layers,valuesremainedbetween0.3638and0.4101gkgͲ1.

Asshown inTable4, theSO2concentration in theairon this
day, measured at the FEPAM air quality monitoring station at
Canoas, locatedclosest to thePortoAlegre/FIERGSstation,which
isthepointstudiedfortheperiodmodeled,was1.74μgmͲ3.

Theresultsofmodelingforthisevent indicatedthat in–cloud
SO2scavenginginthefourlayerswas101ʅgLͲ1,showinganalmost
similarscavenginginthefourlayers,withvaluesbetween22.0and
30.6ʅgLͲ1, the greatest scavenging occurring in layer III
(30.6ʅgLͲ1). Below–cloud SO2 scavengingwas 42.3ʅgLͲ1, similar
to the in–cloud scavenging concentrations. The sum of in–cloud
andbelow–cloudSO42Ͳscavengingwas215ʅgLͲ1,andthevalueof
SO4
2Ͳ observed experimentally in wet precipitation at the Porto
Alegre/FIERGS station was 171ʅgLͲ1, thus presenting a relative
error,betweenthevaluesmeasuredandmodeledforSO42Ͳ,ofonly
26%.Thismodeling indicatedthatthehighestpercentageofSO42Ͳ
scavengingoccurred in–cloud(rainout),around70%,ontheother
handthebelow–cloudremoval(washout)wasaround30%.

Case3:01/24/2006

Intheeventof24–25January,2006,theBRAMSmodelingwas
performed at the Sapucaia stationpoint. ThemodeledprecipitaͲ
tionperiodoccurred from18:00UTConJanuary24to06:00UTC
on the followingday.Theaccumulatedprecipitationmodeled for
the period studiedwas 0.43mm, 12h long, and had an average
rateofprecipitationof0.04mmhͲ1.ThehighestrateofprecipitaͲ
tion occurred at 02:00UTC on January 25, 2006, and it reached
0.0907mmhͲ1.

The cloud simulatedwith theBRAMSmodelhadaprofileof
cloudwatermixratioasshowninFigure5.Themodelestimateda
heightofthecloudbaseofapproximately3127m,withthetopat
4672m, thus generating a cloud of about 1500m of vertical
length,intwolayers.

For thisevent, the initialconcentrationofSO2 in theairwas
2.9μgmͲ3, measured at the Sapucaia air quality monitoring
station,whosesimulatedconcentrationofSO2inwetprecipitation
was10.3mgLͲ1,in–cloud,and9.46mgLͲ1,below–cloud,atotalSO2
concentrationof19.7mgLͲ1.

The value of SO42Ͳ measured experimentally in wet
precipitation at Sapucaia station for this event was 1.95mgLͲ1,
much lowerthantheSO42Ͳvaluemodeled,whichwas29.6mgLͲ1,
meaning a relative error of more than 1400%. The significant
difference between the concentrations observed experimentally
and the concentrations modeled can be explained by several
factors,amongstwhichare the lowaverage rateofprecipitation
modeled forthisevent (approximately0.04mmhͲ1),andthe long
time of precipitation modeled (approximately12hours). The
height of the cloud base should also be emphasized,whichwas
morethan3000mabovethesurface.




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Table6.Valuesoftheaccumulatedrateofprecipitation(mmhͲ1)andoftheconcentrations
modeledforSO42Ͳ,μgLͲ1,fortheeventsstudiedinthiswork

Cases/DaysModeled Layersnumbers Rateofprecipitation
modeled(mmhͲ1)
In–cloud
scavenging(%)
Below–cloud
scavenging(%)
Concentrationmodeled
(μgLͲ1)
Case108/09/2005 2 0.66 68 32 2211
Case201/19/2006 5 4.31 71 29 215
Case301/24/2006 3 0.04 52 48 29644
Case412/06/2006 2 0.03 84 16 5660
Case508/02/2007 5 1.64 90 10 368
Case608/04/2007 3 0.05 79 26 650




Figure5.VerticalProfileofliquidcloud–watercontentforpoint29.82°Sand
51.17°W,Sapucaiastation,at00:00UTC,on01/25/2006.


Intheglobalresultsofmodeling,thiswastheonlyeventthat
had contributions from in–cloud and below–cloud scavenging,
around 50% of the total SO42Ͳ scavenged inwet precipitation at
Sapucaiastation.

Thus, it can be assumed that the low rate of precipitation
recorded during this event promoted greater scavenging of
pollutants, both below–cloud and in–cloud. Therefore, the value
modeledwasmuch higher than that experimentally observed in
wetprecipitationatSapucaiastation.

Case4:12/06/2006

Forthisevent,BRAMSwasusedtosimulatetheprecipitation
period at the PortoAlegre/FIERGS station. Precipitation began at
08:00UTCandendedat13:00UTCon12/06/2006,withatotalof
only5hoursprecipitation.Theaccumulatedprecipitationmodeled
was 0.156mm, with an average rate of precipitation of
0.03mmhͲ1.TheaccumulatedprecipitationrecordedbyINMETat
thePortoAlegremeteorologicalstationwas8.4mmforthesame
period.

Thecloudmodeledshowedaverticalprofileintwolayers.The
firstlayerbeganat764mfromthesurface,whilethesecondlayer
endedat1508m, totaling744m.Theprofileof thecloudwater
mixratiowas0.4206gkgͲ1observedat1352mfromthesurface.

TheresultsofmodelingforSO42Ͳscavenginginthetwolayers
were 5660ʅgLͲ1,with greater scavenging in the first layer. For
below–cloudscavenging,thevaluemodeledwas909ʅgLͲ1,andfor
in–cloudscavenging,itwas4751ʅgLͲ1.
Thiseventpresentedahigh relativeerror (638%) compared
totheconcentrationsofSO42ͲmodeledandobservedexperimentͲ
tallyat thePortoAlegre/FIERGS station.Thehigherrorobserved
forthiseventmayberelatedtothe largedifferencebetweenthe
quantity of precipitation modeled and observed at the meteoͲ
rologicalstationofthe8thDistrictofMeteorology,whichmayhave
overestimatedthevalueofSO42Ͳmodeledinprecipitation.

Another important factor that should bementioned is that
during this event, awind speed of 2.6msͲ1wasmeasured. This
wind speed is considered asmoderate and itmay have helped
dispersing the SO2 in the atmosphere of the site studied.
Therefore, the wind advected from other areas may have
contributed to reduce SO2 concentration in the air during the
event, reducing the number of pollutants nuclei available for
condensation. However, themodel considers that therewas no
massadvectionprocessand itcalculated the initialconcentration
of pollutants as being steady, overestimating the nucleation
process.

Anotherfactorthatmayhavecontributed isthatthemixture
of gas dissolved in the drop (or droplet) is governed by the
convection and diffusion processes in drops and droplets,
respectively, a fact that is not taken into account by the B.V.2
model.

Case5:08/02/2007

The event of 08/02/2007 was simulated by BRAMS at the
Sapucaiastation.Themodeling indicatedthatprecipitationbegan
at 12:00 UTC on 08/02/2007 and ended at 16:00 UTC on
08/03/2007,confirmingtheexperimentalresultsmeasuredatthe
meteorological stationofPortoAlegre (INMET).Theaccumulated
precipitation modeled for the period was 44.39mm, with an
average rate of precipitation of 1.64mmhͲ1; duration of
precipitation was 27hours, which was considered as a long
precipitation period. The accumulated precipitation recorded by
INMET for thesameperiodwas39.4mm,veryclosetowhatwas
modeled.

Thecloudmodeledforthisperiodhadfivelayers,beginningat
aheightof344m from the surface,while the last layerwasata
height of 3460m, meaning a total thickness of 3116m. The
modelingmeasuredthehighestverticalprofileofcloudwatermix
ratioof0.6082gkgͲ1 for the last layeratapproximately3500m.
For the other layers, values stayed between 0.2124 and
0.5360gkgͲ1.TheaverageconcentrationofSO2intheairforthose
dayswas3.15μgmͲ3,measuredatFEPAM'sairqualitymonitoring
stationinSapucaia.

Themodelingresultsforthiseventshowedthatthe in–cloud
SO4
2Ͳ scavenging in the five layers was 331ʅgLͲ1, and that the
greatestscavenging(98ʅgLͲ1)tookplaceinthefifthlayer.

Below–cloud scavengingwasonly36.6ʅgLͲ1,while the sum
of in–cloudandbelow–cloudSO42Ͳscavengingwas368ʅgLͲ1.The
value of SO42Ͳmeasured experimentally inwet precipitationwas
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649ʅgLͲ1, and the relative error found among the values
measured and modeled was Ͳ43%, thus indicating that the
modeled concentrationof sulfatewasunderestimated in relation
totheconcentrationobservedinwetprecipitationatthesampling
site (Sapucaia station).When analyzing the contribution of each
typeofscavenging– in–cloudandbelow–cloud–forthisevent,a
prevalence of in–cloud processes is observed, being these
responsible for about 90% of the sulfate concentration found in
theprecipitationmodeled.Approximately70%ofthisvaluecanbe
directly associatedwith pollutant scavenging by drop nucleation
(Pandisetal.,1990).Thus,itisseenthatthescavengingthattakes
place below the cloud base due to precipitating drops was
responsibleonlyforthe10%ofsulfatescavengedbyprecipitation.
Thequantityofspeciesscavengeddependsonthe initial in–cloud
concentrations,andthesecanbeobtainedbygeneratingavertical
profile based on the initial surface or estimated concentrations
(Silvaetal.,2009).Thesameauthorfoundthattheprevalenceof
in–cloud processes represents about 80 to 97% of the
concentration of a chemical species found in the rainwater,
particularlyforsulfate.

It is known that the concentration of a pollutant in the in–
cloud atmosphere decreases over time due to scavenging by
dropletsanddrops.Stull(1988)considersthatincloud,thereisan
exponentialreductionofconcentrationswithcloudheight.

Case6:08/04/2007

This simulationwith BRAMS began on 08/04/2007 at 03:00
UTC and ended at 18:00 UTC. The accumulated precipitation
modeled for the period was 0.71mm, with an average rate of
precipitationof0.05mmhͲ1fora15–hperiodofrainfall.

Themodeledcloudhadtwo layers,withthebaseataheight
of 525m from the surface, and the last layer at a height of
1678m. According to the data simulated by BRAMS, in–cloud
droplet concentrations of 0.376gkgͲ1were obtained in the first
layer,ataheightofapproximately1211mfromthesurface.

The average concentration of SO2 in the air on the day
modeledwas0.21μgmͲ3andwasmeasuredatFEPAM'sairquality
monitoring station in Sapucaia. This low concentration can be
explainedbyrainfallon thedaysbefore theeventstudied (08/02
and08/03/2007).

Modeling result for in–cloud and below–cloud SO42Ͳ
scavengingwas650ʅgLͲ1,withgreaterscavengingtakingplacein–
cloud(511ʅgLͲ1),morepreciselyinthefirstcloudlayer.Theerror
between the valuesmeasured experimentally andmodeledwas
only0.4%,becauseSO42ͲconcentrationmeasuredinwetprecipitaͲ
tion at Sapucaia station was 649ʅgLͲ1. This modeled event
presented the smallest relative error among the concentrations
measured and modeled for SO42Ͳ. The highest percentage of
scavenging took place in cloud, 79%, as also seen in the other
eventsmodeled.

3.ResultsandDiscussions

Table5showsthevaluesofSO42Ͳconcentrationsmodeledin–
cloudandbelow–cloudobtainedfromthemodelingperformed in
the events selected for the present study. Of the six events
modeled, only two days (01/24/2006 and 12/06/2006) showed
highrelativeerrors(>600%),whileintheothereventstherangeof
errorwas around 30%. High errors between themeasured and
modeled concentrations were also found in other studies
(Goncalvesetal.,2002;Silvaetal.,2009;Wiegandetal.,2010).

Figure 6 shows the experimental and modeled SO42Ͳ
concentrations.Agreaterdifference isfoundfordays01/24/2006
and12/06/2006.Thismaybeduetothe lowrateofprecipitation
modeled,whichwasbelow0.04and0.03mmhͲ1, respectively.A
good linear correlation (r=0.73) was observed between the
experimentalandmodeledSO42Ͳconcentrations.Thismayindicate
that theparameterizationusedboth in theBRAMSmodeland in
theB.V.2 scavengingmodelwas satisfactory. These results show
SO4
2Ͳ scavengingprocessesare takingplace in–cloudandbelow–
cloud.

In general, for the modeled events, a greater contribution
(68–90% of the total scavenging) is observed from in–cloud
scavengingprocessesthanfrombelow–cloudprocesses(10–32%),
except for 01/24/06, when the in–cloud and below–cloud
scavenging was similar. These results could be associated with
SO4
2Ͳ scavenging, which takes place more specifically by drop
nucleation, thus favoring greater in–cloud scavenging. The
elevated in–cloud SO42Ͳ scavenging (79–97%)was also shown by
Goncalvesetal.(2002),foraspectrumofprecipitationintheurban
areaofSaoPaulo.

Barthetal.(2001)consideredthatbelow–cloudscavengingfor
solublegases isalmost three times lower than in–cloudpollutant
scavenging,while formoderately soluble gases the below–cloud
scavenging process is 30% greater than in–cloud, because these
gasesaredrivenbyabalancebetweenthegas–liquidphases.

Anothermajorfactoristherelationshipbetweenheightofthe
cloud base and percentage of in–cloud and below–cloud scavͲ
enging.AsshowninFigure7,fortheeventsstudied,thelowerthe
below–cloudscavenging,thelowertheheightofthecloudbasein
relationtothesurface.Thismaybeduetobelow–cloudpollutant
scavengingbeingdirectlyrelatedtotherateofprecipitation,which
is considered uniform in modeling, to the fact that in–cloud
pollutant scavenging has already taken place, and further to the
fact that no pollutant replenishmentwas considered during the
scavenging process, all ofwhich are important characteristics of
theB.V.2modeldescribedbyGoncalvesetal.(2003).

Another relevant aspect of the model used is the rate of
precipitation,which isalsoamajorcharacteristicevaluated inthe
pollutantscavengingprocess,since itrelatesaccumulatedvolume
ofrain(mm)todurationofeachevent(h).Table6showstherate
ofprecipitationmodeledforeacheventstudied,thepercentageof
scavenging modeled in–cloud and below–cloud, and the total
concentration of SO42Ͳ modeled. A significant relationship is
observedbetweentherateofprecipitationmodeledandthetotal
SO4
2Ͳ scavenging, e.g. for 08/09/2005,when total concentration
scavengedwas2211μgLͲ1and rateofprecipitation0.66mmhͲ1.
For the highest rate of precipitationmodeled (01/19/2006), the
modeledconcentrationofSO42Ͳwasalmost10timessmallerthan
the one measured on 08/09/2005. However, for the events of
01/24/2006 and 12/06/2006, which reported the largest errors
(1420and638%,respectively)amongtheconcentrationsmodeled
and observed, the modeled precipitation rates were low. As
explainedearlier, for thesedays the scavengingmodelapplied in
thisstudywasnotproventobesatisfactory.

Wealsoobserved that thehighest ratesofprecipitationare
relatedtotheeventsthatshowedaverticalprofilemodeledfrom
thecloudinfourandfivelayers.Thishappenedon01/19/2006and
08/02/2007. For these days, the total in–cloud SO42Ͳ scavenging
was71and90%,withthegreatestthicknessofclouds,4071and
3116m,respectively.Thebelow–cloudscavengingwasgreaterfor
lowratesofprecipitation,butnotforalleventsstudied.However,
the duration of each event must be considered, since rainfall
eventsofshorterdurationmightcontributetolessdevelopmentof
below–cloudscavenging.

Studiesperformed in the regionofCandiota (Wiegandetal.,
2010),furthersouthoftheMAPA,indicatedthatthebelow–cloud
scavengingprocessesweremoresignificant.However, the results
ofmodelinginRondonia(Silvaetal.,2009)showedthatpollutant

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

Figure6.ConcentrationsofSO42ͲmodeledandobservedexperimentallyintheeventsstudiedintheMAPA.



Figure7.RelationshipbetweenheightofthecloudbaseandconcentrationofmodelingscavengingofSO42Ͳin–cloudandbelow–cloudfor
theeventsstudiedinMAPA.


scavenging inprecipitationwasalmostexclusivelydueto in–cloud
processes, inparticularbydropnucleation.This isduetothefact
that in Rondonia clouds were thicker, with a greater volume
available forscavengingandashorterdurationof rainfallevents,
whichcontributedtolessdevelopmentofbelow–cloudscavenging.

4.Conclusions

The events modeled in the present study, two cases (3 –
01/24/2006 and 4 – 12/06/2006) showed high relative errors
(>600%),whileintheothereventstherangeoferrorwasaround
30%.

Generally, the model tends to overestimate sulfate
concentration present in rainwater. The fact that the model
considerstheconcentrationofgasesconstantwithheightfromthe
surface up to the cloud base contributes to this overestimation,
although there is a possibility of greater concentration of gases
between the middle and the top of the boundary layer. The
assumption that drop/droplet precipitation and distribution rate
1
10
100
1000
10000
100000
09/08/05 19/01/06 24/01/06 06/12/06 02/08/07 04/08/07
Days Modeled
C
o
n
ce
n
tr
at
io
n
 S
O
42
-  (
u
g
L
-1
)
Modeled Observed
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
344 524 764 966 1678 3126
Height of the cloud base (m)
P
er
ce
n
ta
g
e 
re
m
o
va
l
Bellow-Cloud
In-Cloud
Modeled Events
(1) 02/08/2007 
(2) 04/08/2007 
(3) 06/12/2006
(4) 09/08/2005
(5) 19/01/2006
(6)  24/01/2006
(1) (2) (3) (4) (5) (6)
92 Migliavaccaetal.–AtmosphericPollutionResearch1(2010)82Ͳ93 
remain constant with time, and the assumption of non–
replenishmentofpollutantsduringprecipitation,contributetothe
discrepanciesfoundwiththismodel.

The model shows a strong sensitivity to precipitation rate,
heightofthecloudbase,andcloudthickness.

Thecontributionof in–cloudscavengingwasmoresignificant
than below–cloud for the events studied, between 70 and 90%.
These results could be associated with SO42Ͳ scavenging, which
takes place more specifically by drop nucleation, thus favoring
greater in–cloud scavenging. Another relevant aspect is the fact
thattheratesofprecipitationmodeledwithBRAMSdidnotshow
the actual amountofprecipitation in theperiodmodeledof the
eventmodeled.

Inthepresentstudy,thecases1,2,3and6showedabelow–
cloud scavenging between 26 and 48%. The first three cases
showed a greater height of the cloud base, which may have
contributed toahigherbelow–cloudscavenging for theseevents,
due to the greater distance between the cloud base and the
surface.

Itwashardforthemodeltosimulatepollutantscavengingby
wet scavenging related to stratiform clouds, particularly for in–
cloudprocesses.Thismayberelatedtothephysicalcharacteristics
of this type of cloud, such as size and concentration of cloud
droplets and raindrops, internal dynamics of the cloud, rate and
durationofprecipitation.

Another relevant aspect is that the B.V.2 model had been
applied mainly to tropical regions, where most precipitation
originates from cumuliform clouds. In this case, however, the
region studied is characterized by precipitation events related
mainlytoweatherfronts,followedbystratiformclouds.Therefore,
a few adaptationsweremade to the in–cloud and below–cloud
scavengingmodel,inordertoestimateparameterizationsforother
cloud types, and not only for cumulus humilis and cumulus
congestus. The modification of these parameterizations may
change the values of the scavenging coefficients, which are
essentialvariablestocalculatethefinalconcentrationofpollutants
scavengedbythein–cloudandbelow–cloudscavengingprocesses.

Inthisway,wecanemphasizetheimportanceofstudyingthe
complex interactions that take place in the atmosphere/
hydrosphere interaction, by understanding the pollutant scavͲ
engingprocessesthattakeplaceduringprecipitationevents.

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